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Abstract 
Although laser-based Additive Manufacturing (AM) processes have been investigated extensively for use with different 
materials, fabrication of 3D glass objects using Selective Laser Melting (SLM) technology is not well developed even though it 
has many applications. As such an experimental investigation on the process parameters of glass powder using SLM process was 
conducted and the results are summarized in this paper. Multiple 3D objects were fabricated and analyzed. Lastly Scanning 
Electron Microcopy (SEM) of the manufactured objects as well as effect of process parameters on dimensional accuracy, surface 
quality, and the density of the fabricated parts are presented in this paper.  
© 2014 The Authors. Published by Elsevier B.V. 
Selection and blind-review under responsibility of the Bayerisches Laserzentrum GmbH. 
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1. Motivation / State of the Art 
Selective Laser Sintering/Melting (SLS/SLM) is a powder based Additive Manufacturing (AM) method that uses 
a laser to create three-dimensional parts by local sintering/melting of powder particles based on CAD data. The 
individual layers are selectively melted and sequentially processed on top of one another. Regarding this, the build 
platform is lowered after each layer by a certain value, namely the layer thickness, depending on the material 
properties and the desired part characteristics. The object is fabricated within the powder bed thus it is always 
supported by the previous layers or by the surrounding loose powder [1]. SLS/SLM process has been investigated 
for different materials such as metals, polymers and ceramic for various applications; however, SLS/SLM of glass 
material is not as well developed due to the complications related to the repetitive and relatively fast cooling cycles 
of the layers present in this fabrication method. With respect to the SLS/SLM of ceramic and glass different 
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approaches could be applied. One of the common approaches used for AM process of ceramic and glass parts is 
binder based sintering/melting. In this method the ceramic/glass powder is attached to a solid binder. The layer is 
formed by melting the binder while the structural powder, namely the ceramic, is not melted and is engulfed by the 
surrounding liquefied binder material driven by capillary forces. Depending on the application, the binder remains in 
the part or could be removed in a furnace process afterwards. Based on this, the component could be sintered in a 
furnace in an additional step after the printing process whereby the strength and density of the component is 
increased. Regarding this different structural materials as well as binding agents have been tested. It is reported that 
this method could also be used to manufacture porous components [2], [3].  
Solid State Sintering (SSS) is another approach which uses a laser beam to bind the powder particles directly by 
diffusion of the atoms in solid state. With regards to this, Phenix system France developed an SSS system which 
uses a high temperature processing chamber in addition to a Nd:YAG laser to selectively sinter the powder [4]. 
Direct Laser Sintering (DLS) of zirconium silicate powder which is based on transient liquid-phase sintering has 
been studied at Fraunhofer Institute for Production Technology (IPT). It is reported that a part density of up to 50 % 
can be achieved. The process among other applications has been used successfully for the production of molds and 
cores for investment casting [5]. IPT has also investigated the direct sintering of borosilicate powder for filter 
fabrication of various porosity classes. It is reported that the test geometries resulted in a density of 48.6 % of the 
theoretical density and a dimensional accuracy of 98 %. Appearance of cracks is also reported which is reduced by 
thermal post-processing which additionally results in a slightly denser part up to 54.4 % [6]. 
Laser micro sintering procedure has been developed at the Laser Institute of Central Saxony in Mittweida. It is 
reported that different materials such as Aluminum oxide and silicon carbide have been processed by applying q-
switched laser pulses. The components are characterized by good surface finish and geometrical accuracy [7], [8].   
Based on previous research by the authors on melting of silica composite materials, in this study SLM of Soda-
Lime glass powder is investigated [9], [10]. Even though Soda-Lime glass is manufactured extensively for various 
industries using conventional manufacturing techniques, no extensive research has been published on AM of Soda-
Lime glass. The aim of this study is to investigate the prospect of direct sintering and/or melting of common Soda-
Lime glass powder using SLM process in order to determine its feasibility for various applications. The quality of 
the as-processed fabricated parts are investigated to determine the suitability of parts for use without post 
processing. The specific composition of the powder can be further optimized for various applications depending on 
the specific required characteristics.   
2. Experimental set-up 
For this study a SLM machine equipped with a Yb:YAG fiber laser with a maximum power of 100 W and a 
wavelength of 1070 nm is used. The study is conducted using Soda-Lime glass powder since it is one of the 
common glass types used in conventional glass production techniques. Spherical powder particles were selected as 
the powder wiper on the SLM machine functions more effectively and accurately when used with spherical as 
opposed to granular particles. Additionally the material distribution thus the melt pool will be more homogenous. 
SEM image of powder particles is shown in figure 1. 
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Fig. 1. SEM image of glass powder. 
3. Result and discussion 
The particle size distribution has a substantial effect on the sintering behaviour as well as the characteristics of 
the final product using both conventional and AM methods of glass and ceramic fabrication. Sintering of glass and 
ceramic powder has been widely studied due to its technological importance. For SLM as well as AM processes in 
general, a uniform powder mass distribution, thus an unvarying particle size is preferred as it leads to a uniform 
energy density and melt pool nonetheless, most powders similarly to any other engineering material for practical 
purposes processes a certain mean diameter with a normal standard deviation which may lead to an enhances 
sintering behaviour and reduced shrinkage [11, 12, 13, 14].  With respect to this, the powder particle distribution of 
the material used in this study is investigated. As it can be seen in figure 2, the powder particles used in this study 
processes a narrow distribution size. 
Fig. 2. Optical micrographs of the sintered sample. 
Depending on the laser spot and powder particle size and distribution, the laser power, scan speed and the offset 
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value between the scanned tracks must be varies which consequently influences the quality of molten powder. Based 
on this in the first step, the SLM parameters had to be optimized to produce a mostly dense and defect-free 
component. With respect to previous research [9], [10], the process parameters were systematically varied and the 
surface roughness, geometry accuracy and density of the fabricated parts were investigated. Regarding this, different 
test geometries with a size of 15 mm x 15 mm x 5 mm were built and studied using a Laser power between 50 to 80 
Watts, a scan speed between 0.04 m/s to 0.1 m/s and an offset value between 30 µm to 70 µm. The fabricated parts 
showed different characteristics regarding their dimensional accuracy and surface roughness. With respect to the 
dimensional accuracy, it is shown that molten samples built using high energy intensity have a low dimensional 
accuracy. Figure 3 shows the optical micrographs of molten samples built using laser power of 60 W and a scan 
speed of 0.04 m/s and an offset distance of 50 µm. As it can be seen in the figure, the sample is divided into two 
zones, laser irradiation zone which is marked with the dash line and the Heat Affected Zone (HAZ) surrounding it. 
The picture shows that the HAZ has an irregular shape with round corners. As glass material has a relatively high 
heat capacity, a high temperature may remain within the particles after several layers during the fabrication process. 
Based on this, if high energy intensity is used, the particles around the irradiated area have enough time and energy 
to be heated up and attached to the irradiated particles. 
Fig. 3. Optical micrographs of the fabricated sample using high laser intensity.
Cross-section micrograph of the molten sample fabricated using high energy intensity is shown in figure 4. Layer 
wise fabrication process can be seen in this figure which is representative of the molten layers at top of each other. 
As it can be seen in figure 4, bottom area of the fabricated parts is also affected by the irradiated layers above and 
creates HAZ. 
Fig. 4. Cross-section micrographs of the molten sample.
Figure 5 shows the graph of the geometrical accuracy of the fabricated samples using different laser power and 
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scanning speed. This graph contains the value of the parts which could be fabricated with reasonable dimensional 
accuracy. Regarding this low energy intensity using lower laser power and high scan speed leads to sintered walls 
which were not stable due to their mechanical properties. The walls shattered which were leading to smaller 
geometry than was prepared from the CAD data. Alternatively using high laser power at the low scan speed led to 
bulging and deformation of the part in which the parts were totally deformed. With regards to the findings, by using 
process parameter of 50 W and 60 W and scan speed of 0.067 m/s and 0.05 m/s respectively, approximately a 100 % 
dimensional accuracy could be achieved. 
Fig. 5. Dimensional accuracy of the molten samples using different laser power and scan speed. 
Furthermore surface roughness of the fabricated samples are measured and presented in table 1.  All values are in 
µm. The measurements were conducted at the top surface of the samples as they were built. As it can be seen in 
table 1 value could vary among one part built using the same process parameter. This could be due to local cooling 
and laser scanning direction. Considering the average roughness values, laser power of 60 W and scan speed of 
0.067 m/s leads into the lowest surface roughness value.  
  Table 1. Surface roughness of the fabricated samples using different laser power and scan speed. 
Although lowest average surface roughness is achieved using the laser power of 60 W and scan speed of 0.067 
m/s, fabricating objects using higher energy intensities might lead to even lower surface roughness value; however, 
the fabricated objects will have a low dimensional accuracy and might break due to the thermal stress and relative 
fast cooling of the SLM process.  
Based on this, SEM image of a test geometry fabricated using the laser power of 60 W, scan speed of 0.067 m/s, 
layer thickness of 150 µm and offset distance of 30 µm is shown in figure 6. The sample biult using the indicated 
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process parameter was broken after the process was finished. Both top and cross-section view of the broken sample 
is provided in figure 6. 
Fig. 6. SEM image of the top surface of the surface of the sample mage using high energy density (left), cross-section view of the surface of the 
sample built using high energy density (right). 
As it can be seen in figure 6 the top surface of the molten compact shows a smooth quality while the crack 
formation at the broken side of the part can be observed. 
Based on the results achieved from dimensional accuracy and surface roughness, optimal process parameter is 
set to be laser power of 60 W, scan speed of 0.067 m/s, offset distance of 50 µm and layer thickness of 150 µm. 
Density of sample biult out of optimum process parameter is measured. As shown in Table 2, density of the 
fabricated compact presentes the 99 % of the glass powder material desity. 
Table 2. Density of the powder material and fabricated compact using the optimum process parameter. 
Powder and fabricated test object, average density [g/cm3] 
Powder 2.447 ± 0.0006  
Fabricated object 2.435 ± 0.0007 
Using optimum process parameter achieved from test geometries, a cylindrical part with outer diameter of 20 
mm and inner diameter of 18 mm and height of 10 mm is built. The cylinder has centric and is 100 % accurate due 
to its geometry. 
Fig. 7: Cylindrical tube fabricated using the optimum process parameter
30µm         15.00 kV100µm          15.00 kV        15.00 kV         15.00 kV
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The second 3D object made using the optimum process parameter is selected to be small pins on the sintered 
platform made out of same glass material in order to study the stability of process in fabrication of thin objects to 
determine if very small cross sections could be successfully built. As it can be seen in figure 8 thin pins with the 
diameter of less than 1 mm are successfully fabricated. The grey foot print is selected in order to give easier visual 
aspect to the pin surfaces. 
Fig. 8. Thin pin fabrication using the optimum process parameter. 
Figure 9 shows a tooth prototype built using SLM of the glass. The size of the prototype is similar to the average 
human tooth size. Post processing is used in order to remove the attached powder to the object sides. Attached 
powder could be removed easily and polishing could give a shiny glossy surface to the part.   
Fig. 9. Teeth prototype fabricated using SLM of the glass. 
A point that should be taken into account is, although optimum process parameter could work for variety of 
geometries, the process parameters might also be slightly adjusted due to the geometry size and shape. This could be 
cause of fast cooling process in SLM process. By scanning longer paths re-melting is occurring while the pervious 
path is in the cooling and solidifying process while scanning shorter paths may be conducted while the previous path 
is still at a high temperature.   
3. Conclusion 
An investigation into the fabrication of objects using SLM of Soda-Lime glass has been carried out in this study. 
Different characteristics of powder which could have an effect on the sintering process of the glass using SLM such 
as powder particle size distribution and density are examined. Several test geometries were fabricated using different 
process parameter and studied regarding their dimensional accuracy and surface roughness. It is shown that high 
energy intensity causes deformation and bulging while low energy intensity leads to a weak bond between the 
particles which reduce the dimensional accuracy as well. As Soda-Lime glass material is not stable against the 
thermal shock and as cooling process in SLM is a relative fast process, parts using excessively high energy intensity 
combined with a fast cooling rate crack due to the thermal shock. Furthermore, a process parameter optimization 
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was carried out and a laser power of 60 W, scan speed of 0.067 m/s, offset value of 50 µm and layer thickness of 
150 µm were determined to be most favorable. Using the optimum process parameters several 3D objects have been 
built. The density of the fabricated sample using the optimum process parameter is approximately 99 % of the 
original glass material density while the surface roughness of the fabricated samples were measured to be 0.88 µm. 
The feasibility of SLM of Soda-Lime glass is proved and it is shown that using the optimum process parameters, 
parts which could have 100 % dimensional accuracy, low surface roughness with no need of thermal post processing 
could be fabricated. 
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